Abstract. South Africa has an important responsibility to global biodiversity conservation, but a largely inadequate conservation area network for addressing this responsibility. This study employs a coarse-filter approach based on 68 potential vegetation units to identify areas that are largely transformed, degraded or impacted upon by roadeffects. The assessment highlights broad vegetation types that face high biodiversity losses currently or in the near future due to human impacts. Most vegetation types contain large tracts of natural vegetation, with little degradation, transformation or impacts from road networks. Regions in the grasslands, fynbos and forest biomes are worst affected. Very few of the vegetation types are adequately protected according to the IUCN's 10% protected area conservation target, with the fynbos and savanna biomes containing a few vegetation types that do achieve this arbitrary goal. This investigation identifies areas where limited conservation resources should be concentrated by identifying vegetation types with high levels of anthropogenic land use threats and associated current and potential biodiversity loss.
INTRODUCTION
South Africa contains a wealth of biodiversity within its borders, unequalled by other temperate regions, earning a place in the top 25 most biodiverse nations (WCMC, 1992; Conservation International, 1998) . In addition South Africa harbours the fifth highest number of plant species in the world, with the Cape Floristic Region being recognized as one of the six floral kingdoms of the world. This region contains 8200 plant species, of which 5682, are endemic and has lost approximately 30.3% of its primary vegetation Myers et al ., 2000) .
Although its responsibility towards global biodiversity conservation is large South Africa, with only 4.8% (DEAT, 1996) (Fig. 1a ) of its land surface under formal protection, falls far short of the IUCN's nominal recommendation of 10% protected area coverage. This coverage also lags behind the 10% average attained by the rest of subSaharan Africa, with Botswana reaching 18.5%, Mozambique 12.7% and Namibia 12.4% (McNeely, 1994; WRI, 1994; Siegfried et al. , 1998) . A moderately expanding human population (Central Statistical Survey, 1998) and associated land transformation in South Africa (mainly urbanization, cultivation and afforestation (Hoffmann, 1997) ) leaves 79% of the country covered with natural woody and grassland vegetation communities ( Fig. 1b) . Water bodies and wetlands cover less than 1% of the land surface area, with human land uses making up the remaining 20% (Fairbanks et al ., (DEAT, 1996) ; (b) transformed, degraded and natural land-cover; (c) biomes (Low & Rebelo, 1996) ; and (d) road network buffered according to Stoms (2000) . 2000). demonstrate that along with the approximately 30% transformation in the fynbos biome, the savanna and grassland biomes are about 10% and 26% transformed and degraded by human land uses, respectively ( Fig. 1c ) (see also Thompson et al. , 2001 ). In addition to this there are a total of 1176 species presently recognized as threatened (WRI, 1994; van Jaarsveld, 2000) . Thus with these valuable and often endemic biodiversity resources facing ever-increasing threats from human-induced land transformation, and mostly inadequate conservation efforts to stem these threats, South Africa has an obvious responsibility to do more towards the conservation of biodiversity (van Jaarsveld, 2000) .
Most of South Africa's existing protected areas were proclaimed in an ad hoc fashion, usually because they contained areas with high scenic or tourism potential, contained endemic diseases and did not conflict with other forms of land use (Pringle, 1982; Pressey et al. , 1993; Freitag et al. , 1996) . Because this form of land allocation to conservation is highly inefficient and fails to effectively conserve biodiversity, several techniques have been developed for the systematic selection of land with a high conservation value, i.e. with high levels of biodiversity and large anthropogenic threats facing that biodiversity (for reviews see Williams, 1998; Margules & Pressey, 2000) . However, these techniques require data on the distribution of biodiversity and threats facing biodiversity in order to identify areas important to conservation. Because the biodiversity of a region can never be fully observed and inventoried, species distribution data are often used as a surrogate or substitute measure of biodiversity. This form of data, however, has a large number of shortcomings associated with it. These include inadequate taxonomical knowledge of the groups employed, biased sampling efforts and lack of spatial congruency between areas of conservation importance to different taxa (van Jaarsveld et al. , 1998; Maddock & du Plessis, 1999; Fairbanks & Benn, 2000; Reyers et al ., 2000) .
Broad-scale biodiversity surrogates
In recent years, the focus for conservation has shifted, with recommendations towards a more holistic approach of protecting biodiversity in the aggregate, the so-called 'coarse-filter' approach (Noss, 1987 (Noss, , 1990 . This approach focuses on protecting higher levels of the biodiversity hierarchy (e.g. land-classes and land-types) rather than species, assuming that these broad-scale biodiversity surrogates represent the finer scale aspects of biodiversity (Pressey & Logan, 1994; Pressey, 1994; Williams & Humphries, 1996; Wessels et al. , 1999; Fairbanks & Benn, 2000) . However, as Pressey (1994) points out, the assumed relationship between environmental classes and species distribution and abundance is unclear and seldom investigated. In addition, certain species, especially rare species confined to small patches of habitat which are not recognized as distinct environmental classes, may 'fall through the coarse filter' when using broad-scale environmental classes (Noss, 1983; Bedward et al. , 1992; Panzer & Schwartz, 1998) . Despite the shortcomings associated with a species-based approach to conservation planning, these higher order biodiversity surrogates may well fail to identify the composition, configuration and quantity of elements necessary for biodiversity retention, making species data a necessary component of the conservation planning process (Lambeck, 1997) . The shortcomings of species distribution data and the limitations of environmental surrogate measures in the selection of priority conservation areas suggest that perhaps a combination of the two approaches in conservation planning may be advisable (Maddock & du Plessis, 1999) .
At a national scale South Africa has a few databases of broader surrogates for biodiversity, including Acocks' Veld Types (Acocks, 1988) and the more recent Vegetation of South Africa, Lesotho and Swaziland (Low & Rebelo, 1996; McDonald, 1997) . Acocks (1988) defined biological resources from a purely agricultural potential perspective, while Low & Rebelo (1996) looked at the definition of these resources from a management and potential use angle. These vegetation units were defined as having: '… similar vegetation structure, sharing important plant species, and having similar ecological processes'. Thus, these are units that would have potentially occurred today were it not for all the major human-made transformations, e.g. agriculture and urbanization. Therefore the Low & Rebelo (1996) vegetation map contains significant potential for acting as a broad scale surrogate of South African biodiversity and for identifying land important to biodiversity conservation.
METHODS

Current land-cover data
Before the Low & Rebelo (1996) map can be used one has to differentiate between the potential vegetation cover of regions (as defined by Low & Rebelo, 1996) and that which is in reality found in the region. In other words, one needs an indication of current natural vegetation pattern, degree of transformation and amount of protection afforded each vegetation type before one can decide if it constitutes a conservation priority (Rebelo, 1997) . As Low & Rebelo (1996) point out: 'there is little point in setting aside more of a vegetation type with vast expanses in pristine condition, while ignoring the last patches of a type which is not yet conserved'. Low & Rebelo (1996) provide some estimates of protection and transformation data, however, as they admit: 'these are woefully incomplete'. Thus, some indication of current land-cover (the suite of natural and human-made features that cover the earth's immediate surface) at a national scale is required for effective land-use planning, sustainable resource management, environmental research and in this instance conservation planning (Rebelo, 1997; .
To this end the advent of the National Landcover (NLC) database is of extreme relevance. This national database was derived using manual photo-interpretation techniques from a series of 1 : 250 000 scale geo-rectified hardcopy satellite imagery maps, based on seasonally standardized, single date Landsat Thematic Mapper (TM) satellite imagery captured principally during the period 1994-95 (Fairbanks & Thompson, 1996) .
It provides the first single standardized database of current land-cover information for the whole of South Africa, Lesotho and Swaziland (Fairbanks et al ., 2000) . For the purpose of the present study the 31 land-cover classes were reclassified into three categories: natural, degraded and transformed land-cover (Table 1) . Natural land-cover included all untransformed vegetation, e.g. forest, woodland, thicket and grassland. The degraded land-cover category was dominated by degraded classes of land-cover. These areas have a very low vegetation cover in comparison with the surrounding natural vegetation cover and were typically associated with rural population centres and subsistence level farming, where fuel-wood removal, over-grazing and subsequent soil erosion were excessive ( Thompson, 1996) . The transformed category consisted of areas where the structure and species composition were completely or almost completely altered, which includes all areas under crop cultivation, forestry plantations, urbanized areas and mines/quarries.
The databases of potential vegetation cover and current land-cover were overlaid in a geographical information system (GIS) to determine the extent of natural, degraded and transformed area within each of the 68 vegetation types identified in Low & Rebelo (1996) . These values could then be used to highlight areas of high current and future vulnerability to biodiversity loss through land use impacts. Levels of transformation were compared against the transformation thresholds predicted by a geometric model developed by Franklin & Forman (1987) . This work suggested that the most critical time for land planning and conservation is when between 10 and 40% of the landscape has been transformed or impacted upon. Specifically, most of the rapid ecological changes (e.g. loss of interior species) can be expected when this level increases from 20 (DEAT, 1996) was also employed to determine the extent of conservation areas existing within the vegetation types.
Patterns of roads
In addition to these land use threats, one of the most widespread forms of alteration of natural habitats and landscapes over the last century has been the construction and maintenance of roads (Trombulak & Frissell, 2000) . Road networks affect landscapes and biodiversity in seven general ways: (1) increased mortality from road construction; (2) increased mortality from vehicle collisions; (3) animal behaviour modification; (4) alteration of the physical environment; (5) alteration of the chemical environment; (6) spread of exotic species and (7) increased alteration and use of habitats by humans (from Trombulak & Frissell, 2000) . These networks cover 0.9% of Britain and 1.0% of the United States (Forman & Alexandra, 1998) ; however, the road-effect zone, the area over which significant ecological effects extend outward from the road, is usually much wider than the road and roadside. This road effect zone can thus provide an additional estimate of areas with a high vulnerability to biodiversity loss through changing land uses and increased human impacts. Some evidence on the size of the road-effect zone is available from studies in Europe and North America. Reijnen et al . (1995) estimated that road-effect zones cover between 12 and 20% of the Netherlands, while Forman (2000) illustrated that 19% of the United States is affected ecologically by roads and associated traffic. The road-effect zone for South Africa was determined using a similar method to that used by Stoms (2000) , in which the spatial extent of road effects can be used as an ecological indicator that directly represents impacts on biodiversity. For this, the road-effect zone was used as a measure of the area potentially affected by roads. The affected distances were estimated from the reviews mentioned above, as well as from local studies ( Milton & MacDonald, 1988) . Therefore national routes and freeways were assumed to affect biodiversity for a greater distance from the roadway (1 km on each side) than farm roads (100 m, Table 2 ).
Road segments from the South African Surveyor General 1993 1 : 500 000 scale map series files (SA Surveyor General, 1993) were buffered using a standard GIS operation to the distance related to its class (Fig. 1d) . Although the roads in protected areas do have an impact on biodiversity within these areas, they were excluded from this analysis as by and large protected areas overwhelmingly contribute to biodiversity conservation. A road-effect zone was calculated for the remaining untransformed areas within each vegetation type by summing the total area within the road effect zone surrounding roads in each vegetation type and converting to a percentage of the total remaining untransformed area in that vegetation type.
However, the road-effect zone used here does not consider the spatial pattern of roads. Therefore, although roads clearly have a significant impact on many species, meaningful indicators of road-effects on landscapes await the attention of landscape ecologists and other scientists (Forman, 1998) . As articulated by Stoms (2000) , many aspects of roads affect biodiversity: road width, traffic volume, traffic speed, vehicle miles travelled, road network structure or its spatial configuration, management of the right-of-way, noise levels, light disturbance and chemical pollution. Most of these factors also vary over daily, weekly and annual cycles, which may interfere with critical behavioural periods such as breeding or 
RESULTS AND DISCUSSION
Vulnerability assessment of vegetation types
The majority of vegetation types of South Africa are not largely degraded or transformed ( ( Table 3) . Only five of the vegetation types are more than 50% transformed by anthropogenic land uses, with a median of 10% being transformed within vegetation types. Figure 2 provides a diagrammatic representation of the current levels of transformation, degradation Low & Rebelo (1996) . Vegetation types with more than 10% protected area coverage are indicated in bold type. and protection across all vegetation types. Similar to the findings of the coarse-scale species-based approach used by Rebelo (1997) , the grasslands and fynbos have experienced the most transformation (see , with the coastal indigenous forests having been subjected to extensive transformation for its size (Fig. 2a,b) . Although degradation levels are generally low, a few regions in the grasslands biome as well as a few in the savanna biome show the highest levels of degradation, ranging from 10 to 36% of the vegetation extent (Fig. 2c) . The average amount of vegetation type currently under protection is 9.6% (median value of 1.5%) with only 18 vegetation types conforming to the IUCN's nominal recommendation of 10% protected area coverage (Table 3) . However, this well-cited protected area recommendation of 10% is widely criticized as too little to guarantee the persistence of biodiversity within the region. Soulé & Sanjayan (1998) illustrate that up to 50% of land area may be required to successfully represent all biodiversity elements. Therefore, perhaps even these 18 supposedly well-protected vegetation types are inadequately protected (Fig. 2d) .
The road-effect zone impacts on an average of 5.5% (with a median value of 6) of the remaining natural land-cover in all vegetation types ( Table 3) . Five vegetation types (mesic succulent thicket, moist clay highveld grassland, dune thicket, eastern thorn bushveld, rocky highveld grassland) contain between 10 and 14.2% road-effect zones (Table 3 ). The rest of the vegetation types lie under this 10% level, with the Mopane Shrubveld containing no road-effect due to the fact that it all falls entirely within the boundaries of the Kruger National Park (Table 3) .
In Table 4 the areas within each vegetation type that are transformed, degraded or exposed to road-effects are summed to provide an indication of vegetation that has been disturbed or affected by these human land uses. Types with large areas affected face a high risk of biodiversity loss due to a combination of extensively degraded and transformed areas with a large road network. The west coast renosterveld, sand plain fynbos, dry clay highveld grassland, south and south-west renosterveld, short mistbelt grassland, coastal bushveld-grassland, moist cold highveld grassland, sour lowveld bushveld, afro mountain grassland, coast-hinterland bushveld, moist cool highveld grassland, clay thorn bushveld, dune thicket, moist upland grassland, dry sandy highveld grassland, rocky highveld grassland and laterite fynbos are all areas of concern due to the fact that over 40% of their extent is impacted upon by land use threats. This level of land use impact corresponds with the threshold determined by Franklin & Forman (1987) , indicating extreme ecological disruption within these vegetation types.
All these vegetation types are also poorly protected (Table 3) , with the coastal bushveldgrassland and dune thicket being the only types to reach the IUCN's recommended 10% protected area coverage. However, as stated previously this level of protection is inadequate, especially in the case of these two vegetation types where it would not be sufficient to stem the biodiversity loss associated with such high levels of land use change. Of the 68 vegetation types 38 (56%) fall within the 10-40% category of land use impact determined by Franklin & Forman (1987) and are thus at a critical time for land use planning and conservation. Table 5 provides a list of the land-cover types within each of the top 10 priority conservation vegetation types drawn from Table 4 . The Afro mountain grassland and moist cold highveld grassland contain large areas of degraded vegetation. These same vegetation types, along with the west coast renosterveld, sand plain fynbos, dry clay highveld grassland, south and southwest coast renosterveld, short mistbelt grassland, coastal bushveld-grassland, sour lowveld bushveld and coast-hinterland bushveld, contain extensive areas of commercial, semicommercial and subsistence dryland cultivation (Table 5 ). The short mistbelt grassland, coastal bushveld-grassland, sour lowveld bushveld and coast-hinterland bushveld contain large areas of exotic forestry plantations and, with the exception of the sour lowveld bushveld, commercial sugarcane cultivation (Table 5) . Of all these priority vegetation types only the coastal bushveld-grassland has more than 10% protected area coverage at 13.5%, but high levels of degradation as well as high levels of transformation still make it an area of concern along its entire latitudinal distribution. The rest of these top 10 priority vegetation types all fall below 5% protected area coverage (Table 3) . This land use analysis is an example of a potential management tool for vulnerable areas, and is not limited to these top 10 vegetation types. Other vegetation types, although not as affected as these 10, are none the less also impacted upon by land use changes and should therefore also be considered and monitored in a conservation plan. Table 5 is an example of what can be done and similar analyses can be performed on all vegetation types in order to investigate the land use impacts and management parameters within each area. The vegetation types listed at the bottom of Table 4 are less impacted upon by land uses, and are generally better protected (Table 3) , with the Mopane shrubveld and thorny Kalahari dune bushveld including 100 and 99.6% protected area, respectively. These areas also contain extensive tracts of natural vegetation ranging from 83.5% for the thorny Kalahari dune bushveld to 100% for the Mopane shrubveld (Table 3) . This, however, does not preclude them from further analysis and the tools developed in this study have a potential role to play in the monitoring and future management of these currently less impacted areas. Low & Rebelo (1996) also provided an estimate of threat status of the vegetation types. This included a measure of land transformed by agriculture and other uses, based on 'scant information for some of the Acocks Veld Types and should be cautiously interpreted as a rough index of habitat loss' (Low & Rebelo, 1996) . They also include an estimate of the proportion of each vegetation type falling within conserved areas, based on an approximation of conservation area boundaries which still require confirmation (Low & Rebelo, 1996) . Following a similar methodology to Thompson et al . (2001) , we evaluate these estimates from Low & Rebelo (1996) as well as the calculations of protected and transformed land obtained from this study using the National Land-cover database and the Department Environmental Affairs and Tourism (DEAT, 1996) protected area database (Table 3 ). Top conservation priority vegetation types identified based on Low & Rebelo's (1996) estimates of transformed area in Table 3 highlight the west coast renosterveld, short mistbelt grassland, coasthinterland bushveld, Natal central bushveld and the moist clay highveld grassland as areas of conservation concern due to large areas transformed. The Mopane shrubveld, grassy fynbos, Mopane bushveld, central mountain renosterveld and mountain fynbos are estimated to be areas of low priority for conservation as they are little transformed according to Low & Rebelo' (1996) estimates (Table 3) . Once again the areas of high threat are estimated by Low & Rebelo (1996) to be poorly protected with less than 4% of their surface area protected and those that are low priorities are seen to be generally well protected.
Comparison of vulnerability status
As found in Thompson et al. (2001) , there is some degree of similarity in the rank orders of vegetation types according to threat status found in this study (i.e. affected area) and in Low & Rebelo's (1996) (i.e. areas estimated to be transformed) (r s = 0.55; P < 0.001). However, as Table 3 illustrates, there are differences between these estimates of transformation and protection from Low & Rebelo (1996) and values generated in this study. The Low & Rebelo (1996) estimates for land transformation and protection being consistently and significantly higher (paired t-test for levels of transformation, t = 9.00, degrees of freedom = 49, P < 0.0001; paired t-test for levels of protection, t = 3.8, degrees of freedom = 67, P < 0.01). This could however, be explained by the fact that the estimates of transformation in Low & Rebelo (1996) included grazed areas, while the NLC transformation category does not (Thompson et al., 2001) . The grazed areas (especially overgrazed area) are included in the degraded category of the NLC database and as such are included in the present study in the measure of affected areas (Table 4) .
CONCLUSION
South Africa, with its large biodiversity conservation responsibility, faces the additional problems of limited resources for conservation as well as pressing land reform initiatives. The land tenure system is a problem for conservation throughout Africa and is now becoming an increasingly demanding problem in South Africa. The almost total transfer of land in most regions of South Africa, from government to private ownership, is possibly unique in the annals of European colonization. The state by the mid 1930s had lost control over resources which in countries such as Australia or the United States were retained by the authorities because of their unsuitability for agriculture (Christopher, 1982) . In effect the absence of state interest in land through a leasehold system has led to a strong demand for land and an attempt to make a living in areas highly unsuitable for the purposes of farming. Demand for land has further driven land prices to levels far in excess of its value as an agricultural commodity.
Therefore the limited resources of available government land and funding need to be efficiently applied in order to ensure effective conservation as well as development opportunities. This investigation provides an important first approximation towards identifying areas where these limited resources should be concentrated by identifying vegetation types with high levels of current and potential anthropogenic land use and inadequate conservation efforts in order to constrain future spreading of transformation. As Rebelo (1997) points out, few vegetation units are spatially uniform in terms of species composition and ecosystem processes, thus further study within these priority areas is required to identify representative conservation sites within these types. Although Low & Rebelo (1996) provided rough estimates of areas considered to be facing high threats, the value of timely land-cover information on the decision making ability for planning is evident from the present study. The advent of the National Land-cover database has provided a much-needed standardized dataset of current land-cover to significantly improve South African land use and conservation planning.
Further issues relevant to the identification of priority conservation areas are the scale of conservation priority setting, and the effects of global climate change on southern African vegetation. Rebelo (1997) points out that generally vegetation types shared with other neighbouring nations are more adequately conserved than vegetation endemic to South Africa. Thus a classification of vegetation types across political boundaries, as well as international co-operation, are urgent requirements for future priority setting. In addition to this, future conservation strategies will have to consider the effects of climate change on biodiversity (Rutherford et al., 2000) . Not much is known on what these climate changes or their biological impacts will be, but recent work has highlighted a general eastward shift in South African species distributions as areas in South Africa dry out and warm up (Rutherford et al., 2000; van Jaarsveld & Chown, 2000; van Jaarsveld et al., 2000) . It has also been shown that premier flagship conservation areas in South Africa are not likely to meet their conservation goals due to an inability to track climate induced species (especially vulnerable species) range shifts . This is of obvious importance in any conservation-planning scenario.
In many respects 'lines conquer', and the South African landscape is a testament to their power. Compasses and plumblines, more than a force of arms, subdue landscapes and henceforth demarcate control and change. If current development policies (i.e. Spatial Development Initiatives, unstructured land reform) continue without proper equity towards conserving the most threatened vegetation communities, in a few decades not only will the remaining 'natural' areas be gone, but the people will be even poorer for it.
